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reduction. Results of our study indicate that the injection of an electron donor caused a 24 sharp decrease of Cr(VI) concentration from ~32 to ~10 nM. Cr(VI) reduction was 25 associated with a decrease in the concentration of carboxylic acids, such as lactate (~6 26 mM to undetectable), propionate (~9 mM to undetectable), and acetate (~6 mM to 27 undetectable), as well as dissolved inorganic carbon (30 to 10 mM C). Carbon isotope 28 data indicate carbon transfers from the original substrate to organic byproducts and 29 mineralized carbon. Concentrations of metabolites and stable isotope data as well as 30 carbon isotope mass balance calculations were used to monitor biologically mediated 31
Introduction 37
Hexavalent chromium Cr(VI) is an environmental contaminant with known toxic, 38 carcinogenic and mutagenic properties (e.g., Cieslak-Golonka, 1996; Salnikow and 39 were determined using the m/z 44 (CO 2 ) area peak. Multiple measurements of DIC 141 laboratory standards associated with sample analysis yielded a reproducibility of 142 ±0.52‰ (1σ; n=12) for δ 13 C and ±0.11mM (1σ; n=12) for concentrations. 143
Carbon isotope ratio of dissolved organic carbon (DOC) was determined using 1.5 144 mL aliquots of groundwater samples, which were acidified to pH ~4.5 with a 0.5 mM HCl 145 solution to minimize interference with carbonate carbon. 450 µL of acidified sample was 146 transferred to a tin capsule, evaporated at room temperature and then the folded tin 147 capsules were loaded into a zero blank autosampler connected to a ECS 4010 148
Elemental Analyzer (Costech Analytical Technologies Inc., Valencia, USA) coupled to 149 an Delta V plus isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen, 150 Germany). Repeated measurements of DOC laboratory standards had a standard 151 deviation of ±0.5‰. 152
Organic acid concentrations were measured on samples filtered at 0.20 µm pore size. 153
Ion chromatography (ICS 2000, Dionex Corp., Sunnyvale, CA) was performed with a 4 154 x 250 mm analytical column (IonPac AS11, Dionex) and conductivity suppressor 155 (ASRS Ultra, Dionex), using an eluent generator (Dionex) with a potassium-hydroxide 156 gradient. Analytical precision based on repeated standard analyses was 0.03 mM (1σ) 157 for sample concentrations from 0.01 to 0.20 mM and 0.1 (1σ) for sample concentrations 158 from 0.3 to 10 mM. The carbon isotope ratios of acetate and propionate were 159 determined using a similar method as developed by Thomas et al., 2009 . Briefly, 1 µL ofM A N U S C R I P T
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sample was injected into a gas chromatograph (Hewlett Packard 6890). Acetate and 161
propionate were separated chromatographically on a Supelco Nukol fused silica 162 capillary column (30 m x 0.25 mm x 0.25 µm,). After GC separation, both organic acids 163 were combusted to CO 2 at 850 °C in a capillary quartz tube loaded with N i, Cu, and Pt 164 wires, water was removed, and the carbon isotope ratio was measured in a Micromass 165 JA Series Isoprime isotope ratio mass spectrometer (Micromass, Manchester, UK). 166
Laboratory standards associated with the injections of samples resulted in a standard 167 deviation of 2.6‰. 168
Phospholipid fatty acids (PLFA) were extracted from microbial biomass. Microbial 169 biomass was collected in the field from 400 ml of groundwater on filters (0.2-µm Anodisc, 170
Whatman, Maidstone, England) using the Bligh-Dyer method (White, 1996) . PLFA were 171 separated from other compounds using a silicic acid column and converted to fatty acid 172 methyl esters (FAME) via mild alkaline methylation. Resulting FAMEs were identified by 173 GC/MS. Carbon isotope ratios of PLFA were determined using a combustion isotope 174 ratio mass spectrometer (GC-C-IRMS) system (Thermo Fisher Scientific, Bremen, 175 Germany). PLFA were separated chromatographically on an HP-5 fused silica capillary 176 column (30 m x 0.25 mm, 10-µm film thickness). After GC separation, the PLFA were 177 combusted to CO 2 , water was removed, and the carbon isotope ratio was measured in 178 the IRMS. Analytical precision was estimated with internal PLFA standards 11:0 and 179 19:0 spiked into each sample and their respective value yields of 29.1 ± 0.8‰ (1σ; n = 180 17) and 39.9 ± 6.5‰ (1σ; n = 19). concentrations (from ~32 to ~10 nM) was observed during the six following days at 13.7 197 and 12.9 m sampling depths ( Fig. 2A; 2E values of acetate and propionate for concentrations below 5mM were not reported as 208 they were below the detection limit of the GC-C-IRMS system. 209
In the downgradient well 699-96-44, located 2.5 meters from the injection well, a 210 decline in Cr(VI) concentrations was observed 18 days (4/05) after the injection, which 211 coincides with an increase in concentrations of acetate (from undetectable to 0.1 mM) 212 and propionate (from undetectable to 0.12 mM) ( to acetate and propionate can be described as: 237
The linear relationship between propionate and acetate concentrations is shown in 238 (equivalent to a stoichiometric ratio of ~1.67) was observed for the higher concentrations. 240
The observed stoichiometric ratio of propionate to acetate is similar to, but somewhat 241 lower than, the ratio of 2:1 observed for the bacterium Pelosinus sp. strain HCF1, which 242 was dominant in and isolated from lactate-and Cr(VI)-amended Hanford 100H aquifer 243 experimental systems (Beller et al. 2013 ). In the injection well, acetate concentrations 244 decreased linearly with Cr(VI) concentration after the consumption of lactate four days 245 after the injection ( Fig. 4B; 4D ), suggesting that propionate and acetate acted as 246 electron donors for Cr(VI) reduction after the fermentation of the lactate. 247
The carbon transfer between the lactate substrate and its byproducts with a carbon 248 isotope mass balance can be estimated from 249 The expressions (2) and (3) are valid only with the following caveats: (i) the carbon 263 substrate is bioavailable, (ii) substrate, bacterial strains, and byproducts are 264 homogenously distributed, and (iii) physical processes such as dissolution, advection, 265 diffusion, dilution, sorption, and volatilization can be neglected. 266
The validity of the mass balance Eq. (2) was tested using the observational data 267 obtained at two different depths (13.7 m and 12.9 m) of the injection well for the four 268 days following the injection, after which the mass balance was invalid due to the nearly 269 complete consumption of lactate (Figs. 2 and 3) . Considering the lack of constrains on 270 the mass transport of substrates and products and on the system homogeneity, the lactate to the organic and mineralized carbon (Fig. 5A) . The relationship between the 274 δ 13 C values of DOC and estimated lactate indicates that DOC is mainly composed of 275 products of 13 C-labeled lactate (Fig. 5B) . 276
Fifteen PLFAs were present in most of the groundwater samples. The PLFA 277 composition indicated that the suspended microbial community was consistent during 278 the injection experiment, although the relative abundances of microbes changed. The 279 average δ 13 C values of background PLFA sampled before the injection was 26.0 ± 4.2‰. 280
We observed an enrichment in δ 13 C in PLFA chain length from 14 to 17 carbons in the 281 days following the injection (Fig. 6) . Maximum δ Carbon isotope ratios of metabolites, including DIC, TOC, acetate and propionate, and PLFA (biomass) were measured to estimate the efficiency of biostimulation Carbon isotope ratios show the microbial metabolites derived from the injected electron donor
Carbon isotope ratios of PLFA demonstrates the transfer of carbon from 13 Clabelled lactate to a portion of the microbial community
